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The intracellular localization of the baculovirus Autographa californica nuclear polyhedrosis virus p143 gene product (P143)
was investigated by immunofluoresence staining of infected and transfected cells. As expected for a protein essential for
viral DNA replication, under these conditions, P143 was localized to the nucleus. However, when a plasmid directing the
synthesis of P143 from its own promoter was co-transfected with a plasmid expressing IE-1, P143 was found in the
cytoplasm. Cotransfection of cells with a series of plasmids expressing viral genes sufficient for stimulation of plasmid
replication resulted in nuclear localization of P143 suggesting that one of the gene products required for viral DNA replication
may also assist nuclear localization of P143. Sequential deletion of various genes from this assay revealed that when the
plasmid expressing LEF-3 was deleted from the mixture, P143 remained in the cytoplasm. Plasmids were constructed where
the synthesis of LEF-3 and P143 were directed by the ie-1 promoter. When these plasmids were cotransfected, both LEF-3
and P143 colocalized to the nucleus suggesting that an important function of LEF-3 is intracellular trafficking of P143 and
directing it to the nucleus. © 1998 Academic Press
INTRODUCTION
Autographa californica nuclear polyhedrosis virus (Ac-
MNPV), the most extensively studied member of the
Baculoviridae family, has a large double-stranded circu-
lar genome. It has been clearly demonstrated using
transient assays that at least nine viral genes (ie-1, ie-2,
p143, dnapol, lef-1, lef-2, lef-3, pe38, and p35) are in-
volved in directing replication of plasmids carrying viral
DNA inserts (Kool et al., 1994b; Lu and Miller, 1995; Wu
and Carstens, 1996) but only a few of the gene products
have been purified or characterized. IE-1, IE-2, and PE-38
likely function as trans-acting transcription factors in
activating other genes required for viral DNA replication
(Guarino and Summers, 1988; Krappa and Knebel-Mo¨rs-
dorf, 1991). IE-1 may play an additional role during initi-
ation of replication because of its ability to bind hr (ho-
mologous region) sequences. The hrs act as enhancers
of virus transcription and potentially as initiation sites for
viral DNA replication function (Leisy et al., 1995; Choi and
Guarino, 1995; Rasmussen et al., 1996). Other regions,
particularly early gene regions, may also function as
replication origins (Wu and Carstens, 1996). LEF-1 and
LEF-2 interact with one another but have not been as-
signed any specific function (Evans et al., 1997). LEF-3
has been reported to bind single-stranded DNA (Hang et
al., 1995) and also to interact with P143 (Laufs et al.,
1997). P143, the only baculovirus gene product shown to
be essential for DNA replication in vivo (Gordon and
Carstens, 1984), also binds DNA (Laufs et al., 1997) and
has been implicated in carrying helicase activity, based
on amino acid sequence homology (Lu and Carstens,
1991). Recently, we have demonstrated that conserved
amino acids within domains of P143 shared with other
proteins with NTP binding or DNA binding activity are
also essential for its replication function (Liu and
Carstens, submitted for publication). P143 also carries an
amino acid domain with the characteristics of a nuclear
localization signal and it was thought that this domain
would be responsible for the nuclear localization of P143,
where it would carry out its replication functions (Lu and
Carstens, 1991). However, site-directed mutagenesis of
conserved amino acids within the putative nuclear local-
ization domain failed to disrupt the replication function of
P143 (Liu and Carstens, submitted for publication). We
therefore investigated the intracellular localization of
P143. In this report, we describe an interaction between
LEF-3 and P143 which is essential for transport of P143
to the nucleus.
RESULTS
Intracellular localization of P143 in infected and
transfected cells
P143 is essential for baculovirus DNA replication, pos-
sibly through predicted DNA unwinding (helicase) activ-
ity (Lu and Carstens, 1991; Laufs et al., 1997). Since
baculoviruses replicate in the nucleus, it was expected
that P143 would be localized to the nuclei of infected
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cells, where it would exert its putative helicase function.
To confirm the intracellular localization of P143, AcM-
NPV-infected Sf21 cells were examined between 18 and
24 h postinfection and P143 was detected by immuno-
staining with anti-P143 monoclonal antibody. As ex-
pected, P143 was found predominately in the nuclei of
the infected cells (Fig. 1, A1 and A2). Since the viral DNA
is infectious (Carstens et al., 1980), we transfected Sf21
cells to initiate infection by purified viral DNA. P143 was
also localized to nuclei in transfected cells (Fig. 1, B1 and
B2), confirming that the process of transfection mimics
the process of infection in localizing functional P143 to
the nucleus. No fluorescence was observed in any part
of control cells, transfected with salmon sperm DNA,
indicating that the anti-P143 monoclonal antibody re-
acted specifically to P143 under our assay conditions
(data not shown).
We were then interested in knowing whether the
nuclear localization was mediated by P143 itself or
whether it required some other viral factors. To test
this, plasmids expressing P143 (pAcP143) and IE-1
(pAcIE-1) were prepared and equal molar ratios of
these plasmids were cotransfected into Sf21 cells.
Both the p143 and ie-1 genes were cloned behind their
native promoters and were expected to be expressed
in the cotransfected cells. The ie-1 gene is expressed
in the absence of any other viral factor, while the
expression of p143 from its native promoter is depen-
dent upon the expression of the ie-1 gene (Lu and
Carstens, 1992). Immunostaining with monoclonal an-
tibody directed against P143 revealed cytoplasmic flu-
orescence (Fig. 1, C1 and C2), suggesting that P143
itself did not have the ability to self-localize into the
nucleus. Immunostaining with monoclonal antibody
against IE-1 revealed nuclear fluorescence, indicating
that IE-1 localized to the nucleus (Fig. 1, D1 and D2).
Although the cotransfected cells were not double-
labeled with both antibodies, there were several rea-
sons which strongly suggested that P143 and IE-1
localized differently in the same cell. First, there was
always an equal percentage (10–20%) of cells being
stained with either antibody, suggesting that cells pos-
itively staining with IE-1 and P143 antibodies repre-
sented the same populations of cells. Furthermore, the
expression of the p143 gene was dependent on the
presence of the cotransfected ie-1 gene (see results
below) in the same cell. Second, the cytoplasmic lo-
calization of P143 and the nuclear localization of IE-1
were predominant in stained cells. Therefore, the dif-
ferent intracellular localization of P143 and IE-1 sug-
gested that a direct interaction in the cotransfected
cells between P143 and IE-1 was unlikely and that
some other factor was responsible for nuclear local-
ization of P143 during normal viral infection.
Virus replication factors facilitate the nuclear
localization of P143
Both infection with virions and transfection with puri-
fied viral DNA resulted in nuclear localization of P143 in
the cells. In order to rule out the influence of late viral
gene products or other early gene products on the nu-
FIG. 1. Intracellular localization of P143 or IE-1 in infected or DNA-
transfected Sf21 cells. Sf21 cells were infected with virus (m.o.i. of 10)
(A), transfected with viral DNA (B), or cotransfected with plasmids
pAcIE-1 plus pAcP143 (C, D). Eighteen to 24 h postinfection or trans-
fection the cells were fixed and labeled with antibody. The conventional
epifluorescence images of the cells labeled with monoclonal antibod-
ies to P143 (A1, B1, C1) or IE-1 (D1) are shown along with the same cells
stained for DNA (chromosomes) with DAPI (A2, B2, C2, D2). The bar
represents 10 mm.
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clear localization of P143, we examined the location of
P143 in cells expressing only the genes predicted to be
necessary for viral DNA replication. Because it was im-
portant to know that these plasmids were expressing
functional gene products, we tested them for their ability
to support plasmid DNA replication in a transient assay.
Cells were cotransfected with plasmids containing
genes expressing IE-1, DNA polymerase, P143, LEF-1,
LEF-2, LEF-3, P35, IE-2, and PE38. All these genes were
cloned behind their indigenous promoters and therefore
expression was expected to be dependent upon the
expression of IE-1. Efficient plasmid DNA replication, as
indicated by DpnI-resistant plasmid DNA, occurred when
cells were cotransfected with all the plasmids (Fig. 2,
lane 2). As we have predicted before (Wu and Carstens,
1996) and has been suggested previously (Kool et al.,
1994a; Lu and Miller, 1995), cotransfection of plasmids
expressing all the viral gene products required for viral
DNA replication results in replication of all plasmid DNA,
even in the absence of homologous regions (hrs). These
results confirmed that the viral proteins were expressed
and functionally active in supporting DNA replication.
Monoclonal antibody staining revealed that P143 was
found in the nuclei of these cotransfected cells (Fig. 3, A1
and A2), suggesting that the presence of viral replication
factors was sufficient to mediate the nuclear localization
of P143. These results also suggested that in the pres-
ence of all the products of the viral replication genes,
DNA replication likely occurred in the nucleus, mimick-
ing the DNA replication process occurring during normal
virus infection. Infection of cells with a temperature-
sensitive mutant (ts8) defective in DNA replication also
revealed nuclear localization of p143 (Liu and Carstens,
unpublished results).
To identify the specific replication factor(s) necessary
for nuclear localization of P143, plasmids encoding each
replication factor were subtracted individually from the
cotransfection mixture and the localization of P143 was
examined by immunostaining. When pAcdnap, pAclef1,
pAclef2, pAcp35, and pAcie2pe38 were individually re-
moved from the cotransfection mixture, P143 was still
localized in the nucleus (Figs. 3B–3F), suggesting that
none of these factors were essential for P143 nuclear
localization. In contrast, when pAclef3 was removed,
P143 remained in the cytoplasm (Fig. 3, G1 and G2). This
suggested that LEF-3 may be one of the factors essential
for the nuclear localization of P143. When pAcIE-1 was
subtracted, no fluorescence staining was observed (data
not shown), indicating that in the absence of IE-1, the
expression of the p143 gene (and probably all the other
virus genes as well) from its indigenous promoter was
eliminated or greatly reduced.
Since only one plasmid was subtracted from the co-
transfection mixture each time, it was possible that the
nuclear localization of P143 depended on the presence
of LEF-3 plus any one or a few of the other viral factors.
LEF-3 alone may not have the ability to promote the
nuclear localization of P143. To check this possibility,
only three plasmids, pAcP143, pAclef3, and pAcIE-1,
were cotransfected into insect cells. Again, nuclear lo-
calization of P143 was observed in every cell expressing
P143 (Fig. 3, H1 and H2). When pAclef3 was subtracted
from this mixture, P143 remained cytoplasmic (same
experiment as Fig. 1, C1 and C2), and when pAcIE-1 was
subtracted, no fluorescence was detected (data not
shown). These results suggested that LEF-3 was the viral
replication factor essential and maybe sufficient for the
transportation of P143 into the nucleus.
P143 and LEF-3 copurify
An interaction between LEF-3 and P143 was previ-
ously postulated on the presence of a 46-kDa polypep-
tide copurifying with P143 (Laufs et al., 1997). We re-
peated these purification steps from virus-infected cell
extracts using hydroxylapatite and both ssDNA and
dsDNA cellulose (Fig. 4). Polypeptides of relative mobil-
ities of about 143, 46, and 38 kDa were easily seen by
silver staining fractions eluting from ssDNA cellulose
with 250 mM NaCl. In contrast, the 143-kDa polypeptide
was the major species of polypeptide eluted from dsDNA
cellulose with 250 mM NaCl (Fig. 4a). Immunoblotting of
fractions obtained from these columns demonstrated the
coelution of P143 and LEF-3 through hydroxylapatite and
FIG. 2. Replication of plasmid DNA in the presence of viral repli-
cation genes. Sf21 cells were cotransfected with equal molar
amounts of eight plasmids, each expressing different viral replica-
tion genes (pAcIE-1, pAcdnap, pAcP143, pAclef1, pAclef2, pAclef3,
pAcp35, pAcie2pe38) (lane 2). As a control, Sf21 cells were also trans-
fected with only pUC19 (lane 1). The total cellular DNA was purified
after 72 h posttransfection or cotransfection and digested with DpnI
plus EheI (1 DpnI) to linearize the replicated plasmid DNA (except
pAclef3, which does not have an EheI site) or digested with EheI alone
(-DpnI). After electrophoresis, DNA samples were transferred to Qiagen
nylon membrane and hybridized with 32P-labeled pUC18 DNA. The
location of DNA fragment size markers is shown on the left and the
identification of the expected plasmid bands is shown on the right.
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ssDNA cellulose, while only trace amounts of LEF-3
remained associated with P143 eluted from dsDNA cel-
lulose (Fig. 4b). These results suggested an interaction
between P143 and LEF-3 which allowed for their coelu-
tion from both hydroxylapatite and ssDNA cellulose but
the loss of LEF-3 when the complex was bound and
eluted from dsDNA cellulose. However, it is also possi-
ble that the properties of P143 and LEF-3 are so similar
that they bind and elute from hydroxylapatite and ssDNA
cellulose independently.
LEF-3 and P143 colocalize in the nucleus
IE-1 alone did not mediate the transport of P143 from
the cytoplasm to the nucleus (Figs. 1C and 1D), but it
might assist LEF-3 in this function in some way. Because
IE-1 is essential for the efficient expression of both p143
and lef-3 genes from their native promoters, the pres-
ence of the ie-1 gene in the cotransfection mixtures
clouded the possible role of IE-1 in mediating nuclear
localization of P143. Therefore, the p143 and lef-3 genes
were cloned behind the viral ie-1 promoter so their ex-
pression would depend solely on host cell factors. When
pAcIE1hrP143 and pAcIE1hrLEF3 were transfected indi-
vidually into cells, production of P143 and LEF-3 was
easily detectable by immunoblotting, although lower
amounts than produced by virus infection were obtained
(Fig. 5). As expected, cells cotransfected with both
pAcIE1hrP143 and pAcIE1hrLEF3 produced both pro-
teins (Fig. 5, lane 4). These results demonstrated that
both proteins were synthesized in the transfected cells in
the absence of any other viral proteins, and their expres-
sion was under the control of host cell factors. In the
cells transfected with pAcIE1hrP143 alone, P143 was
localized exclusively in the cytoplasm (Fig. 6, A1 to A4),
whereas when cotransfected with pAcIE1hrLEF3, P143
was nuclear (Fig. 6, B1 to B4). These results clearly
demonstrated that LEF-3 alone is sufficient to mediate
the nuclear localization of P143.
The LEF-3-mediated transportation of P143 may in-
volve a direct interaction between LEF-3 and P143, which
would lead to the colocalization of these two proteins in
the nucleus. Therefore, the intracellular localization of
LEF-3 in the presence or absence of P143 was also
examined. Cells transfected with only pAcIE1hrLEF3 re-
vealed strong fluorescence in the nucleus (Fig. 6, C1 to
C4), indicating that LEF-3 carried appropriate signals for
self-localization to the nucleus. To distinguish LEF-3 and
P143 in the same cell, cells cotransfected with
pAcIE1hrLEF3 and pAcIE1hrP143 were double-labeled
with monoclonal and polyclonal antibodies in the follow-
FIG. 3. Intracellular localization of P143 in Sf21 cells transiently expressing viral replication genes. Sf21 cells were cotransfected with a complete
complement of plasmids pAcIE-1, pAcP143, pAcdnap, pAclef1, pAclef2, pAclef3, pAcp35, pAcie2pe38 (A) or the complete complement minus one of
the following plasmids: pAcdnap (B); pAclef1 (C); pAclef2 (D); pAcp35 (E); pAcie2pe38 (F); pAclef3 (G). Some cells were also cotransfected with only
three plasmids: pAcIE-1, pAcP143, and pAclef3 (H). Eighteen to 24 h postcotransfection, the cells were fixed and labeled with anti-P143 monoclonal
antibody. Conventional epifluorescence images of Sf21 cells labeled with antibody to P143 are shown (A1 to H1) along with the same cells stained
for chromosomal DNA with DAPI (A2 to H2). Fluorescence to P143 was detected in the nucleus of all samples except in those cells where pAclef3
was deleted from the mixture resulting in cytoplasmic fluorescence (G1).
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ing combination: anti-LEF-3 monoclonal antibody fol-
lowed by goat anti-mouse antibody conjugated with Or-
egon Green and anti-P143 polyclonal antibody followed
by goat anti-rabbit antibody conjugated with rhodamine.
The labeled cells were then analyzed using two different
filters to visualize the fluorescence due to rhodamine
and Oregon Green (Fig. 6D). The images of the same
cell, staining with P143 polyclonal antibody, revealed a
diffuse nuclear labeling (Fig. 6, D2; red fluorescence due
to rhodamine), while staining with LEF-3 monoclonal
antibody also revealed a diffuse nuclear labeling (Fig. 6,
D3; green fluorescence due to Oregon Green). The merg-
ing of the two images gave an image (yellow) which
showed an overlapping of the red and green colors (Fig.
6, D4). These results indicated that P143 and LEF-3
colocalized in the nucleus, possibly in discrete centers.
When the cells were transfected with only the cloning
vector pIE1hr/PA, staining of the cells with monoclonal
antibody against LEF-3 did not produce any background
stain, whereas staining with polyclonal antibody against
P143 produced a very faint cytoplasmic background
(data not shown). These results strongly support the
conclusion that LEF-3 directly interacts with P143 and is
responsible for transporting P143 into the nucleus.
DISCUSSION
The data presented in this report demonstrate that bac-
ulovirus putative helicase protein P143 was localized in the
nuclei of infected or viral DNA-transfected cells, consistent
with its essential role for viral DNA replication. We also
demonstrate that P143 alone did not carry the ability to
self-localize into the nucleus and another viral factor, the
single-stranded DNA binding protein LEF-3, was essential
and sufficient to mediate the nuclear localization of P143.
Other viral factors such as IE-1, DNA polymerase, LEF-1,
LEF-2, P35, IE-2, and PE38 were not required for the nuclear
localization of P143, although some of these factors such as
IE-1 do have the capacity to self-localize into the nucleus. In
addition, we also demonstrate that LEF-3 does self-localize
into the nucleus and mediates nuclear colocalization of
P143 and LEF-3. These data strongly suggest that LEF-3
may interact with P143 and transport P143 into the nucleus.
P143 and LEF-3 may form a complex in the nuclei of in-
fected cells. Biochemical characterization of extracts from
infected cells showed that P143 and LEF-3 copurified
through hydroxylapatite and coeluted from ssDNA cellu-
lose, supporting the suggestion but not proving the exis-
tence of a direct interaction between P143 and LEF-3. If
there is a direct interaction, it may be weak since most P143
eluted from dsDNA cellulose in the absence of LEF-3.
Nuclear localization of P143 may rely on a direct inter-
FIG. 4. Identification of P143 and LEF-3 in Sf21 cell extracts. AcMNPV-infected cells were harvested at 19 h postinfection and nuclear extracts were
purified over hydroxylapatite as described previously (Laufs et al., 1997). The fractions containing P143 were pooled (HP) and analyzed by
chromatography through ssDNA cellulose (ssDNA) and elution with 125 and 250 mM NaCl. Three separate fractions eluting with 250 mM NaCl were
pooled (SP), diluted, and loaded onto dsDNA cellulose (dsDNA). Fractions eluted from dsDNA cellulose with 125 and 250 mM NaCl were collected.
All fractions were analyzed by SDS–PAGE. The gels were either silver stained (a) or immunoblotted and probed with monoclonal antibodies prepared
against P143 and LEF-3 (b).
FIG. 5. Detection of P143 and LEF-3 in Sf21 cells transfected with
pAcIE1hrP143 and/or pAcIE1hrLef3. Sf21 cells were transfected with
pAcIE1hrP143 (lane 2), pAcIE1hrLef3 (lane 3), or cotransfected with
pAcIE1hrP143 plus pAcIE1hrLef3 (lane 4). As controls, the cells were
transfected with the vector pIE-1hr/PA (lane 1) or cotransfected with
pIE-1hr/PA plus pAcIE1hrP143 (lane 5). The cells were harvested at
24 h posttransfection or cotransfection and whole cell extracts were
analyzed by immunoblotting and probing with an anti-LEF-3 monoclo-
nal antibody (1:5,000 dilution) followed by anti-mouse antibody (1:
20,000 dilution) conjugated with horseradish peroxidase (left panel).
The reaction was detected by immunochemical luminescence. The blot
was then stripped and reprobed with anti-P143 monoclonal antibody
(1:1,000) (right panel). Extracts from cells infected with AcMNPV (m.o.i.
of 10, 12 h postinfection) were also included (lane 6). The positions of
P143 and LEF-3 and the relative mobility of protein standards are
indicated on the right and left of the figure, respectively.
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action between P143 and LEF-3 and not on a particular
nuclear localization signal sequence in P143. This is
supported by the fact that site-directed mutagenesis of
conserved amino acids within the putative nuclear local-
ization domain of P143 failed to disrupt the replication
function of P143 (Liu and Carstens, submitted for publi-
cation), suggesting that this domain may not be involved
in the nuclear localization of P143. Rather, other domains
interacting with LEF-3 may be important for this property.
We are currently working to identify interaction domains
on P143 and LEF-3 and to test whether these domains
are essential for the nuclear localization of P143.
LEF-3 has been demonstrated to be a single-stranded
DNA binding protein (Hang et al., 1995) and can form a
FIG. 6. LEF-3-mediated nuclear colocalization of P143 and LEF-3. Sf21 cells, transfected with pAcIE1hrP143 (A), pAcIE1hrP143, and pAcIE1hrLef3
(B and D) or pAcIE1hrLef3 (C) were harvested at 24 h posttransfection. The confocal laser scanning images from the same cells are presented in
each panel (1 to 4). Cells transfected with pAcIE1hrP143 alone revealed cytoplasmic fluorescence (green) when stained with monoclonal antibody
to P143 (A3). This was clearly shown when the image was merged (A4) with the same image of the cell stained for chromosomal DNA (red) with
propidium iodide (A2). In cells cotransfected with pAcIE1hrP143 and pAcIE1hrLef3, green fluorescence of anti-P143 antibody was found in the nucleus
(B3), as shown by merging the image in B3 with the propidium iodide-stained chromosomal DNA in B2 to reveal a yellow signal (B4). Cells transfected
with pAcIE1hrLef3 and labeled with an anti-LEF-3 monoclonal antibody revealed nuclear localization of LEF-3 (C3), as shown by merging the image
in C3 with the propidium iodide-stained chromosomal DNA in C2 to reveal a yellow signal (C4) and stained for chromosomes (C2). Cells, cotransfected
with pAcIE1hrP143 and pAcIE1hrLef3 were double-labeled with a polyclonal antibody against P143 (red fluorescence, D2) and a monoclonal antibody
against LEF-3 (green fluorescence, D3), revealed nuclear colocalization of both P143 and LEF-3 in the merged image (D4).
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homotrimer in the infected cells (Evans and Rohrmann,
1997). Interestingly, another viral protein, DBP but not
LEF-3, in Bombyx mori NPV, a close relative of AcMNPV,
has recently been demonstrated to be capable of un-
winding partial DNA duplex in an in vitro system
(Mikhailov et al., 1998), suggesting that DBP may function
as a single-stranded DNA binding protein at the replica-
tion fork. A protein with the same relative mobility as DBP
was observed in our extracts eluting from ssDNA cellu-
lose (Fig. 5A, 38 kDa). Therefore, the true function of
LEF-3 during DNA replication is not clear. However, our
data demonstrate that mediating the nuclear localization
of P143 is an important function attributable to LEF-3.
Currently it is not known whether the function of LEF-3 in
nuclear transport is specific to P143 because there is no
evidence suggesting that LEF-3 interacts with other viral
replication proteins. However, our data did not exclude
the possibility that LEF-3 may also be responsible for the
nuclear localization of other viral proteins.
Association of helicase with other viral replication pro-
teins has been abundantly demonstrated in other repli-
cation systems. In Herpes simplex virus, the helicase
and primase form a trimeric complex (UL5, UL8, and
UL52) which exhibits both DNA primase and DNA heli-
case activities. Although under certain circumstances
UL8 is not essential for the helicase and primase activ-
ities of the trimeric complex, it plays an essential role in
the nuclear localization of the helicase–primase complex
(Barnard et al., 1997). The efficient transport of the heli-
case–primase tripartite complex depends on the pres-
ence of these three proteins. It is likely that a conforma-
tional change after the formation of the tripartite complex
promotes the transport of this complex into the nucleus
(Barnard et al., 1997). In baculovirus, LEF-3 alone is
self-localized into the nucleus; therefore, it is likely that
nuclear localization of P143 may involve a direction in-
teraction between LEF-3 and P143. In the infected nu-
cleus, LEF-3 and P143 likely exist as a complex which
may be the form essential to convey any biochemical
functionality. Currently we are in the process of charac-
terizing biochemical properties of this complex.
MATERIALS AND METHODS
Cells and viruses
The Spodoptera frugiperda continuous cell line IPLB-
SF-21 (Sf21), established from pupal ovaries of the Fall
army worm (Vaughn et al., 1977; Knudson and Tinsley,
1974), was maintained at 28°C by passage in TC-100
medium (Gibco-BRL) supplemented with 10% fetal calf
serum (FCS) (Gibco-BRL). The AcMNPV strain HR3, a
plaque-purified isolate (Brown et al., 1979), was prepared
and titrated as previously described (Erlandson et al.,
1984).
Plasmid construction
All plasmids were propagated in Escherichia coli
DH5a cells and purified on Qiagen Tip 500 columns
(Qiagen Inc.). The 1.4-kbp EcoRI-S fragment of AcMNPV
was cloned into pBR322 to generate pAcp35. A 4.7-kbp
EcoRI–SspI fragment from EcoRI–D was cloned into the
EcoRI–SmaI site of pUC19 to generate pAcP143. A 1.4-
kbp EcoRI–NruI fragment from EcoRI-O was cloned into
the EcoRI–SmaI site of pUC19 to generate pAclef1. The
0.9-kbp MluI fragment from the EcoRI-I region was blunt-
ended with the Klenow fragment of DNA polymerase and
then inserted into the SmaI site of pUC19 (pAclef2).
Plasmids carrying the ie-1 (pAcIE-1), dnapol (pAcdnap),
and lef-3 (pAclef3) genes were previously described
(Guarino and Summers, 1986; Tomalski et al., 1988; Li et
al., 1993). The construction of pAcie2pe38 has been
previously described (Lu and Carstens, 1993). The ex-
pression vector pIE-1hr/PA contains hr5 and the up-
stream region of the ie-1 gene (Cartier et al., 1994). Both
p143 and lef-3 ORFs were cloned behind the ie1 pro-
moter in pIE-1hr/PA. The cloning of pAcIE1hrP143 has
been described elsewhere (Liu and Carstens, submitted
for publication). pAcIE1hrLef3 was cloned by PCR ampli-
fication of the lef-3 gene region in pAclef3 by using two
primers: 59 ACGGATCCATGGCGACCAAAAGATCTT 39
and 59 GACAGCCTGATCTGCAATAGGATCCAT 39. The
1363-bp PCR product containing the LEF-3 open reading
frame and downstream poly(A) signal was digested with
BamHI and inserted into the BglII site of pIE-1hr/PA. All
clones were confirmed by restriction enzyme mapping
and pIE1hrP143 and pIE1hrLef3 were also confirmed by
DNA sequence analysis.
Transfection and replication assays
Sf21 cells (106), seeded into each well of a six-well
plate for 4 h, were washed three times with TC-100 and
then transfected with 2–5 mg of DNA, 60 ml of DOPE
(1,2-dioleoyl-sn-glycerophosphatidylethanolamine) (Wang
et al., 1996) and TC-100 in a final volume of 0.7 ml at 28°C
for 6 h. After washing twice with TC-100, fresh medium
was added and the plates were incubated at 28°C for 24
to 48 h. The replication of plasmid DNA in transfected
cells was monitored by DpnI digestion of total intracel-
lular DNA as described elsewhere (Pearson et al., 1992;
Kool et al., 1993; Wu and Carstens, 1996).
Protein extraction, electrophoresis, and
immunodetection
Total cellular proteins were extracted, analyzed by
SDS–polyacrylamide gel electrophoresis, and immuno-
blotted as previously described (Partington et al., 1990;
Laufs et al., 1997). Proteins, separated on SDS–poly-
acrylamide gels, were transferred to OPTITRAN mem-
brane (Schleicher & Schuell Inc., New Hampshire) by
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electrophoresis in ETB buffer (25 mM Tris–HCl, pH 8.3,
192 mM glycine, 0.1% SDS, 10% methanol) at 200 mA for
1.5 h. The membrane was blocked for 1 h at room tem-
perature or overnight at 4°C in 5% skimmed milk powder
in PBS, 0.1% Tween 20 (PBS-T), then washed three times
with PBS-T, and incubated with appropriately diluted pri-
mary monoclonal antibody for 1 h at room temperature.
Monoclonal antibodies against P143 (RC-2) (Laufs et al.,
1997), IE-1 (Ross and Guarino, 1997), and LEF-3 (Hang et
al., 1995) were used. After three washes with PBS-T, the
membrane was incubated with goat anti-mouse antibody
conjugated with horseradish peroxidase (1:20,000 dilu-
tion in PBS-T, Jackson ImmunoResearch Laboratories,
Inc.) for 1 h at room temperature and then washed three
times in PBS-T. Immunoreactive proteins were detected
using the ECL Western blotting detection solution (Am-
ersham). The chemiluminescence was recorded on RE-
FLECTION Autoradiography film (DuPont). If the mem-
brane was reprobed, the bound antibodies were stripped
by submerging the membrane in 100 mM 2-mercapto-
ethanol, 2% SDS, 62.5 mM Tris–HCl, pH 6.7, and incubat-
ing at 55°C for 30 min.
Immunofluoresence microscopy
Sf21 cells, seeded onto coverslips in tissue culture
petri dishes, were transfected with plasmids or infected
with AcMNPV. Eighteen to 24 h posttransfection or infec-
tion, the cells were washed with PBS and fixed with 10%
paraformaldehyde for 10 min at room temperature and
then permeabilized in methanol for 20 min at 220°C.
After being washed three times with PBS-T, the cells
were blocked for 1 h in 1% goat serum (in PBS-T) and
then incubated with primary antibody for 1 h. Monoclonal
antibodies against P143 (1:100 dilution), LEF-3 (1:500
dilution), and IE-1 (1:50,000) were used in this study.
Following incubation with primary antibody, cells were
washed three times for 5 min with PBS-T and then incu-
bated for 1 h with 75 ml of goat anti-mouse IgG conju-
gated with Oregon Green 488 (Jackson ImmunoResearch
Laboratories, Inc.) (2 mg/ml diluted in 1% goat serum).
Following the incubation, the coverslips were washed
three times with PBS-T. Cell nuclei were stained before
mounting onto the slide with DAPI (49,6-diamidino-2-phe-
nylindole) (Molecular Probes, Inc.) or propidium iodide.
Both reagents were diluted with Slow Fade buffer (Mo-
lecular Probes, Inc.) to a final concentration of 1 mM and
incubated for 2 min with cells at room temperature. One
drop of Slow Fade was placed on the cells and the
coverslip was placed face down on a microscope slide
for examination. In double-labeling experiments, the
cells were incubated with the monoclonal antibody
against LEF-3 (1:500 dilution) for 1 h followed by the goat
anti-mouse IgG conjugated with Oregon Green 488 (2
mg/ml diluted in 1% goat serum). Then, polyclonal rabbit
antiserum against P143 (1:1000 dilution) (Laufs et al.,
1997) was added, followed by goat-anti rabbit IgG con-
jugated with rhodamine (Jackson ImmunoResearch Lab-
oratories, Inc.) (2 mg/ml diluted in 1% goat serum). The
stained cells were examined by a Leitz Aristoplan micro-
scope using an I3 Leitz bandpass filter for Oregon Green
488 detection or an A Leitz filter for DAPI stain. The
confocal imaging of stained cells was performed on a
Meridian confocal microscope using a 530-nm bandpass
filter for Oregon Green 488 detection, a 590-nm band-
pass filter for rhodamine detection, and a 620-nm band-
pass filter for propidium iodide stain. Photographs were
taken on Kodak TMY 5053 film with 25–40X objective
lenses. Color images were generated and analyzed with
MCID M4 software (Imaging Research, Brock University,
St. Catharines, ON) with a 100X objective lens.
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